We study the quark-hadron transition in the early Universe and compute the amplitude of isothermal baryon-number fluctuations that emerge from this transition along with their effects on a primordial nucleosynthesis.
I. INTRODUCTION
A transition from quark-gluon plasma to confined hadronic matter must This new phase is not nucleated immediately at T"since a generic feature of quantum or thermal nucleation is that the nucleation rate does not become large until the temperature has dropped below the coexistence temperature.
In other words, supercooling occurs until the probability to nucleate bubbles of hadronic phase is high.
Once the first generation of nucleated bubbles of hadron phase appears, the release of latent heat from the QCD vacuum energy reheats the Universe to T"so that further nucleation of hadronic phase is inhibited. The quark-gluon plasma phase and the confined, hadronic phase now coexist in pressure equilibrium.
As the Universe expands the temperature is held at T, by the liberation of latent heat as the confined phase grows at the expense of the unconfined phase. This nearly isothermal evolution may continue until all of the Universe has been converted to confined phase. This scenario has been discussed in some detail by Kajantie and Kurki-Suonio. We will show that isothermal baryon density fluctuations could arise during this cosmic separation of phases scenario. We will discuss the microphysics of the fluctuation generation mechanisms and we identify two scenarios. In the limit of chemical equilibrium between the two phases in coexistence there will be a dift'erent baryon concentration in each phase. In the limit where the exchange of baryon number across the boundary between the two phases is not rapid enough to achieve chemical equilibrium, the fluctuations generated are always larger than in the equilibrium case, since nucleated confined vacuum contains no net initial baryon number.
These scenarios for the generation of fluctuations depend on the phase transition being first order so that latent heat is released. Lattice gauge QCD with dynamical fermions suggests that a phase transition associated with either the quark-hadron transition or the chiralsymmetry transition is at least weakly first order, but this
has not yet been conclusively demonstrated. ' The isothermal density fluctuations from the quarkhadron phase transition could be further modified at a 37 1380 1988 ' ' and predicts that the geometry of the Universe should be flat to high accuracy. In the case of zero cosmological constant, inflation predicts that the ratio of the mass energy density to the closure density, 0, should be unity. ' It is believed that this dark-matter component cannot be or have been baryonic in nature, because standard big-bang nucleosynthesis with 0= 1 in baryons gives primordial abundances which are inconsistent with observation; in particular, not enough deuterium is produced. ' ' It is not known what the dark-matter component is. There are many candidate particles but either they have not been experimentally detected, or their masses have not been unambiguously determined. ' Standard big-bang nucleosynthesis is not lightly discarded, however, because with a minimum of assumptions it can reproduce observed light-element abundances ' ' and put limits on neutrino masses and numbers of lepton generations that are in fair agreement with independent experimental determinations. ' ' Nevertheless, the dark- We will quantify the meanings of "pure" and "isothermal" in Secs. III B and III C, respectively.
The nucleation rate is determined by the probability that a spontaneous fluctuation in the metastale (quark) phase will produce a "critical nucleus" of the stable (hadron) phase. This critical nucleus has a radius r, deter- where o. is the free energy per unit surface area associated with the boundary of the nucleus, which is assumed to be spherical.
New nuclei with radii less than r, will collapse and disappear, while nuclei of radii larger than r, will expand until a macroscopic amount of new phase is produced. 
The first term in (14) 
where G is Newton's constant, and the energy density due to the quarks has been included.
Given the very rapid rise of nucleation rate p with time, a reasonable approximation to Eq. (18) is 
The important characteristics of Eq. (17) and depends only weakly on C.
It is also possible to evaluate the number density of nucleation sites given by Eq. (22) using Eqs. (20) and (22) - (24) 
where P is the time derivative of the total pressure. To very good approximation P=0 during the constant-T, epoch we consider here, so that the total entropy is constant:
IV. DYNAMICS OF THE UNIVERSE DURING THE CONSTANT-TEMPERATURE COEXISTENCE EPOCH
The preceding section described the supercooling/ nucleation scenario in which the quark-gluon plasma phase is separated from the hadron phase. The duration of this nucleation epoch is short compared to the Hubble time since the fractional supercooling is small (ri-10 ).
Again, because the duration of this epoch is short, the entropy generation associated with reheating to T, is expected to be small compared to the initial entropy. At the end of this nucleation epoch the Universe is left with bubbles of hadron phase surrounded by quark-gluon plasma, all in pressure equilibrium at T, . Since the hadron bubbles were nucleated through random thermal or quantum processes they contain, on average, no net baryon number; all of the net baryon number resides in the quark-gluon plasma phase.
The subsequent evolution of this configuration of phases takes place at constant temperature T, (Refs. 6-9). The hadron bubbles grow with time and the fraction of the total volume of the Universe which is in quark-gluon plasma, f", decreases from f "=1.0 to 0 at the end of the phase transition. The Universe remains at constant temperature by trading volume from the unconfined vacuum to the confined vacuum, and thus releasing the latent heat I. , depicted in Fig. 2 the phases during the constant-temperature epoch are, at best, a rough approximation but they provide an adequate framework in which to discuss baryon-number transport. Note that, strictly speaking, the entropy cannot remain absolutely constant through the phase transition since a small temperature difference between the phases is required to drive the phase boundary from the hadron phase toward the quark-gluon phase. Solving the hydrodynamic equations for this front results in the phase boundary becoming a condensation discontinuity.
Such solutions require
a very small temperature difference between the phases and, thus, would yield a small entropy generation during the transition. ' The constancy of comoving entropy density represented in Eq. (31b) implies that there will be an entropy flux from the quark-gluon plasma phase to the hadron phase as f"decreases in the constant-temperature epoch. The hydrodynamic models envision this entropy (or enthalpy) Aux as being carried by bulk hydrodynamic Sow or by neutrinos.
We note that the latent heat associated with the transition is due to converting Uolume from the unconfined to the confined phase. These different vacuum states have different vacuum energies and the lower vacuum energy in the confined phase results in increased thermal energy through the creation of particles and particle-antiparticle pairs. The mechanism of heat transport itself will be discussed briefly below as regards Auctuation size. We note however, that hydrodynamic heat transport is favored when the supercooling is small. (39) where f is the net flux of quarks and X& is the probability of combining three quarks at the front into a color singlet, either a baryon or antibaryon. Clearly since X is related to the probability of finding three quarks of the so that we can define a filter factor F as the ratio of the net baryon number passed by the front to the total baryon number encountered by the front: Note that the nucleon transmission probability depends only linearly on temperature but quadratically on the rather uncertain barrier parameters a and Vo. The above discussion of the shape of the fluctuations depends on three assumptions. The first is that the baryon-number distribution in the quark-gluon plasma is uniform and that baryon number does not "pile up" at the phase boundary. This assumption is equivalent to the statement that the mean free path of a quark in the unconfined medium is large. This is clearly a modeldependent result. The second assumption is that the baryon number in the hadron phase does not significantly diffuse on the time scale of the duration of the constant- To implement these assumptions we have utilized the big-bang nucleosynthesis code of Wagoner' with back into the high-density zones is diminished. We will discuss the details of the coupling between neutron diffusion and nucleosynthesis in a forthcoming paper.
Since one of our purposes in this work is to establish upper limits upon the phase transition physics from the nucleosynthesis, we utilize this most optimistic model for neutron diffusion and nucleosynthesis. As nucleosynthesis begins after neutron diffusion, the Universe consists of a high baryon density proton-rich region, (1) with n"'=x"n+ n"(1 -x"),
where X" is the neutron mass fraction before nucleon diffusion at T=1.3&(10 K, and a low baryon density neutron-rich region and (2) with Q' )=X"Q+Q((1 -X"),
The final averaged mass fractions for each nuclide are We also note that the upper limit to the Li/ H ratio could be even higher than that used for Fig. 13 
